Test and Research on the Rheological Damage Properties of Sandstone under Dynamic stress field-Seepage field coupling by 蔡亮
  
学校编码：10384                           分类号      密级             




硕  士  学  位  论  文  
                                           
动应力场-渗流场耦合作用下砂岩 
流变损伤特性试验研究 
Test and Research on the Rheological Damage 
Properties of Sandstone under Dynamic stress 
field-Seepage field coupling 
蔡亮 
指导教师姓名：胡华  教授 
专  业 名 称：岩 土 工 程 
论文提交日期：2016年 4月 
论文答辩时间：2016年  月 
学位授予日期： 
 
答辩委员会主席：           
评    阅    人：           
 





















另外，该学位论文为（                            ）课题
（组）的研究成果，获得（               ）课题（组）经费或实







































（     ）1.经厦门大学保密委员会审查核定的保密学位论文，
于     年    月    日解密，解密后适用上述授权。 






                             声明人（签名）： 




































































































If the dynamic stress field, which is caused by machine vibrating, vehicle 
loading, earthquake, and so on, is coupled with seepage field, the rheological 
damage of soft rock will be accelerated. As a result, serious geological disasters, 
such as landslide, collapse and debris flow, will be happened. So, it has important 
theoretical and practical significance for us to strengthen the research of dynamic 
rheological damage properties of soft rock under dynamic stress field-seepage field 
coupling. In this paper, the soft sandstone is taken as example, and the RLW-2000M 
coal and rock computer controlled triaxial rheological testing machine in state key 
laboratory of coal mine disaster dynamics and control is used as the main equipment, 
the dynamic rheological damage properties of sandstone under dynamic stress 
field-seepage field coupling is studied. The main research contents are as follows: 
(1) The saturated sandstone samples are made through five steps, including 
collection, core-drilling, cutting, polishing, soaking. Then the test schemes are 
determined reasonably according to complete stress-strain curve of sandstone 
sample and actual situation of test equipment. 
(2) Four groups of saturated sandstone samples are prepared. The confining 
pressure and seepage pressure are constant in the process of test, and the samples are 
vibrated under the sinusoidal variation loading of four different frequency. In each 
group of tests, the dynamic loading is applied into four grades until the sample be 
destroyed. The influencing properties of magnitude and frequency of dynamic 
loading for the axial deformation, radial deformation, axial strain rate, radial strain 
rate, axial stress-strain curve and radial stress-strain curve are studied. 
(3) Four groups of saturated sandstone samples are prepared. The confining 
pressure and the frequency of dynamic loading are constant in the process of test, 
and the samples are vibrated under the sinusoidal variation loading of four different 
range of dynamic loading. In each group of tests, the seepage pressure is applied into 
four grades until the sample be destroyed. The influencing properties of seepage 















deformation, axial strain rate, radial strain rate, axial stress-strain curve and radial 
stress-strain curve are studied. 
(4) Based on the energy dissipation law of the samples in the process of test, 
one hysteresis loop at the beginning of different classification stage is selected and 
the magnitude of energy dissipation is calculated. Then, the influencing properties of 
the magnitude of dynamic loading, frequency of dynamic loading and seepage 
pressure for the energy dissipation of the samples are analyzed so as to reveal the 
relationship between energy dissipation and sample damage. 
(5) The axial dynamic strain is selected as damage variable, and the expression 
of damage degree is obtained through theoretical derivation, as well as the variation 
law of damage degree of each sample can be received. The damage evolution model 
of the samples is established based on the law of energy dissipation. Then, the 
parameters in the damage evolution model can be fitted by using origin8.0 software 
and the damage evolution equation of the samples is obtained.  
(6) The rheological damage model of sandstone samples can be established 
according to the existing rheological model, and the rheological damage equation of 
sandstone samples which considering the dynamic loading, the degradation effect of 
seepage and the damage evolution, can be derived under the dynamic stress 
field-seepage field coupling. 
Keywords: dynamic stress field-seepage field coupling, damage variable, properties 
of rheological damage, damage evolution equation, rheological damage model and 
























第一章  绪论 ............................................................................................ 1 
1.1 选题背景及研究意义 .................................................................................... 1 
1.2 国内外研究现状综述 .................................................................................... 3 
1.2.1 岩石应力场-渗流场耦合研究现状 .................................................... 3 
1.2.2 岩石流变特性研究现状 ...................................................................... 6 
1.2.3 岩石流变损伤模型研究现状 .............................................................. 8 
1.3 论文主要研究内容 ...................................................................................... 10 
1.4 论文研究思路及技术路线 ........................................................................... 12 
1.4.1 论文的研究思路 ................................................................................ 12 
1.4.2 论文的技术路线 ................................................................................ 12 
第二章  动应力场-渗流场耦合作用下砂岩流变损伤试验方案与试
验过程 ...................................................................................... 14 
2.1 试验方案 ...................................................................................................... 14 
2.1.1 试验目的 ............................................................................................ 14 
2.1.2 试验初步方案 .................................................................................... 14 
2.1.3 试验具体方案 .................................................................................... 16 
2.2 试验过程 ...................................................................................................... 18 
2.2.1 试验设备 ............................................................................................ 18 
2.2.2 试样的制备 ........................................................................................ 20 
2.2.3 试验过程 ............................................................................................ 21 
第三章  动载大小、动载频率对试样流变特性影响试验结果分析 .. 25 
3.1 动载大小、动载频率对试样轴向、径向变形的影响 .............................. 25 
3.1.1 动载大小对试样轴向、径向变形的影响 ........................................ 25 
3.1.2 动载频率对试样轴向、径向变形的影响 ........................................ 31 
3.2 动载大小、动载频率对试样轴向、径向应变速率的影响 ...................... 32 















3.2.2 动载大小对试样轴向、径向应变速率的影响 ................................ 36 
3.2.3 动载频率对试样轴向、径向应变速率的影响 ................................ 38 
3.3 动载大小、动载频率对试样轴向、径向滞回曲线的影响 ...................... 40 
3.3.1 试样各阶段轴向、径向滞回曲线 .................................................... 40 
3.3.2 动载大小对试样轴向、径向滞回曲线的影响 ................................ 45 
3.3.3 动载频率对试样轴向、径向滞回曲线的影响 ................................ 46 
第四章  渗流压力、动载大小对试样流变特性影响试验结果分析 .. 49 
4.1 渗流压力、动载大小对试样轴向、径向变形的影响 .............................. 49 
4.1.1 渗流压力对试样轴向、径向变形的影响 ........................................ 49 
4.1.2 动载大小对试样轴向、径向变形的影响 ........................................ 55 
4.2 渗流压力、动载大小对试样轴向、径向应变速率的影响 ...................... 56 
4.2.1 试样各阶段轴向、径向应变速率曲线 ............................................ 56 
4.2.2 渗流压力对试样轴向、径向应变速率的影响 ................................ 58 
4.2.3 动载大小对试样轴向、径向应变速率的影响 ................................ 60 
4.3 渗流压力、动载大小对试样轴向、径向滞回曲线的影响 ...................... 61 
4.3.1 试样各阶段轴向、径向滞回曲线 .................................................... 61 
4.3.2 渗流压力对试样轴向、径向滞回曲线的影响 ................................ 66 
4.3.3 动载大小对试样轴向、径向滞回曲线的影响 ................................ 68 
第五章  试样流变损伤破坏过程中能量耗散规律研究 ...................... 71 
5.1 岩石在循环荷载下能量的耗散特性 .......................................................... 71 
5.1.1 岩石流变损伤过程中的主要能量种类 ............................................ 71 
5.1.2 试样一个周期循环荷载作用下能量转化及能量耗散计算方法 .... 72 
5.2 试样流变损伤破坏过程中能量耗散规律研究 .......................................... 74 
5.2.1 动载大小、动载频率对试样能量耗散的影响规律 ........................ 74 
5.2.2 渗流压力、动载大小对试样能量耗散的影响规律 ........................ 81 
第六章  动应力场-渗流场耦合作用下砂岩损伤演化方程与动态流
变损伤模型研究 ...................................................................... 88 















6.1.1 损伤及损伤变量 ................................................................................ 88 
6.1.2 损伤变量的选取-轴向动应变 .......................................................... 90 
6.1.3 以轴向动应变为损伤变量的损伤度变化规律 ................................ 91 
6.1.4 基于能量耗散规律的损伤演化模型 ................................................ 94 
6.1.5 模型参数拟合及损伤演化方程 ........................................................ 95 
6.2 动态流变损伤力学模型与力学方程 .......................................................... 95 
6.2.1 流变基本元件及几种常见的流变模型 ............................................ 95 
6.2.2 动态流变损伤力学模型与力学方程 ................................................ 97 
第七章  结论与展望 ............................................................................ 102 
7.1 结论............................................................................................................. 102 
7.2 展望............................................................................................................. 105 
参考文献................................................................................................. 107 
致谢 .......................................................................................................... 112 



























Chapter 1  Introduction .......................................................................... 1 
1.1 Background of the topic and research significance .................................... 1 
1.2 Review of research status at home and abroad ........................................... 3 
1.2.1 Research status of rock under stress field-seepage field coupling ........ 3 
1.2.2 Research status of rheological properties of the rock ........................... 6 
1.2.3 Research status of rheological damage model of the rock  .................. 8 
1.3 The main contents of this paper.................................................................. 10 
1.4 Research ideas and technical route of this paper ...................................... 12 
1.4.1 Research ideas of this paper ................................................................ 12 
1.4.2 Technical route of this paper ............................................................... 12 
Chapter 2  The test schemes and test process on rheological 
damage of sandstone under dynamic stress field-seepage field 
coupling .................................................................................................... 14 
2.1 The test schemes ........................................................................................... 14 
2.1.1 The test purpose .................................................................................. 14 
2.1.2 The preliminary test schemes .............................................................. 14 
2.1.3 The specific test schemes .................................................................... 16 
2.2 The test process ............................................................................................ 18 
2.2.1 The test equipment .............................................................................. 18 
2.2.2 The preparation of samples ................................................................. 20 
2.2.3 The test process ................................................................................... 21 
Chapter 3  The test results analysis of the influence of magnitude 
and frequency of dynamic loading on the rheological properties of 
the sample ................................................................................................ 25 















axial deformation and radial deformation ....................................................... 25 
3.1.1 The influence of magnitude of dynamic loading on the axial 
deformation and radial deformation ............................................................. 25 
3.1.2 The influence of frequency of dynamic loading on the axial 
deformation and radial deformation ............................................................. 31 
3.2 The influence of magnitude and frequency of dynamic loading on the 
axial strain rate and radial strain rate ............................................................. 32 
3.2.1 The axial strain rate curves and radial strain rate curves of samples in 
different stages ............................................................................................. 32 
3.2.2 The influence of magnitude of dynamic loading on the axial strain 
rate and radial strain rate .............................................................................. 36 
3.2.3 The influence of frequency of dynamic loading on the axial strain 
rate and radial strain rate .............................................................................. 38 
3.3 The influence of magnitude and frequency of dynamic loading on the 
axial stress-strain hysteresis loop and radial stress-strain hysteresis loop ... 40 
3.3.1 The axial stress-strain hysteresis loops and radial stress-strain 
hysteresis loops of samples in different stages ............................................ 40 
3.3.2 The influence of magnitude of dynamic loading on the axial 
stress-strain hysteresis loop and radial stress-strain hysteresis loop ............ 45 
3.3.3 The influence of frequency of dynamic loading on the axial 
stress-strain hysteresis loop and radial stress-strain hysteresis loop ............ 46 
Chapter 4  The test results analysis of the influence of seepage 
pressure and dynamic loading magnitude on the rheological 
properties of the sample ......................................................................... 49 
4.1 The influence of seepage pressure and dynamic loading magnitude on 
the axial deformation and radial deformation ................................................ 49 
4.1.1 The influence of seepage pressure on the axial deformation and 
radial deformation ........................................................................................ 49 















deformation and radial deformation ............................................................. 55 
4.2 The influence of seepage pressure and dynamic loading magnitude on 
the axial strain rate and radial strain rate ....................................................... 56 
4.2.1 The axial strain rate curves and radial strain rate curves of samples in 
different stages ............................................................................................. 56 
4.2.2 The influence of seepage pressure on the axial strain rate and radial 
strain rate ...................................................................................................... 58 
4.2.3 The influence of dynamic loading magnitude on the axial strain rate 
and radial strain rate ..................................................................................... 60 
4.3 The influence of seepage pressure and dynamic loading magnitude on 
the axial stress-strain hysteresis loop and radial stress-strain hysteresis 
loop ...................................................................................................................... 61 
4.3.1 The axial stress-strain hysteresis loops and radial stress-strain 
hysteresis loops of samples in different stages ............................................ 61 
4.3.2 The influence of seepage pressure on the axial stress-strain hysteresis 
loop and radial stress-strain hysteresis loop ................................................. 66 
4.3.3 The influence of dynamic loading magnitude on the axial 
stress-strain hysteresis loop and radial stress-strain hysteresis loop ............ 68 
Chapter 5  The research on energy dissipation law in the failure 
process of rheological damage of the sample ....................................... 71 
5.1 The energy dissipation properties of the rock under the cyclic loading . 71 
5.1.1 The main energy types in the process of rheological damage of the 
rock .............................................................................................................. 71 
5.1.2 Energy conversion and the calculation method of energy dissipation 
under a periodic cycle loading ..................................................................... 72 
5.2 The research on energy dissipation law in the failure process of 
rheological damage of the sample ..................................................................... 74 
5.2.1 The influence of magnitude and frequency of dynamic loading on the 















5.2.2 The influence of seepage pressure and dynamic loading magnitude 
on the energy dissipation law of the samples ............................................... 81 
Chapter 6  The research on damage evolution equation and 
dynamic rheological damage model of sandstone under 
dynamic stress field-seepage field coupling .......................... 88 
6.1 The damage evolution equation .................................................................. 88 
6.1.1 Damage and damage variable ............................................................. 88 
6.1.2 The selection of damage variable-axial dynamic strain ...................... 90 
6.1.3 The change rule of damage degree by using axial dynamic strain as 
the damage variable ..................................................................................... 91 
6.1.4 The damage evolution model based on the law of energy dissipation 
of sandstone sample ..................................................................................... 94 
6.1.5 The fitting of model parameters and damage evolution equation ....... 95 
6.2 The model and equation of dynamic rheological damage ........................ 88 
6.2.1 The basic rheological elements and several common rheological 
models .......................................................................................................... 88 
6.2.2 The model and equation of dynamic rheological damage  ................ 97 
Chapter 7  Conclusions and prospects .............................................. 102 
7.1 Conclusions ................................................................................................. 102 
7.2 Prospects ..................................................................................................... 105 
References .............................................................................................. 107 
Acknowledgements ................................................................................ 112 













厦门大学硕士学位论文                                                            第一章  绪论 
1 
 
   第一章  绪论 














至 2015 年度我国由于地质问题所引发的灾害情况统计如下表 1-1 所示[1][2]。 









失/亿元 滑坡 崩塌 泥石流 
2011 15664 11490 2319 1380 245 32 183 40.1 
2012 14322 10888 2088 922 292 83 259 52.8 
2013 15403 9849 3313 1541 481 188 264 101.5 
2014 10907 8128 1872 543 349 51 218 54.1 
























大的风险。自 20 世纪 80 年代以来，福建省重大地质灾害事故多发，造成 10


















坝事故，意大利 1963 年 Vajont 拱坝在蓄水时左岸发生大型滑坡事故，美国 1976
年 Teton 坝体溃坝事故等[5][6]。国内的三峡工程在 2003 年蓄水后多处发生大面
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